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Recovery Methods for Fatal Estimation Errors on Monte Carlo Localization

Ryuichi Ueda*!, Tamio Arai*!, Kazunori Asanuma*2,

Kazunori Umeda*® and Hisashi Osumi*

3

Though Monte Carlo localization is a popular method for mobile robot localization, it requires a method for re-

covery of large estimation error in itself. In this paper, a recovery method, which is named an expansion resetting

method, is newly proposed. The combination of the expansion resetting method and the sensor resetting method,

which is a typical resetting method, is also proposed. We then compared our methods and others in a simulated

RoboCup environment. Typical accidents for mobile robots were produced in the simulator during trials. We could

verify that the expansion resetting method was effective for recovery from small irregular changes of a robot’s pose,

and that the combination method could deal with both large and small irregular changes.

Key Words: Bayes Filters, Monte Carlo Localization, Kidnapped Robot Problems, Expansion Resettings, Sensor

Resettings

1. 0 0 O O

gooobooobobooobooboboboboobooo
gobgoobobooobooboboobobooboobooo
oooooOooUoooooooooooooooO (z,yOoo
00000d000o00oooooooogoooooooon
0000000000000 000zyw OOODOOOOOOO
goooooooooooooboooooooooboboooo
gobooobooboobboboobboboobooobo
gooooooooooooobobooooooooboboooo
pgoobgoobobboobooboboobobooboobooboo
Monte Carlo localizationd MCLOO OO0 [6]0 [8l00 000
gooooooooooooobocooooooooboboooo
000 [5][11] [12] [15]0

MCLOOOOOOOOOOOOOOOoooOooOoooooo
gooooboooooooooooooooboooOooOoooooo
gooobooboobbobooboobbooboooboobooo
oooooO0o0o0oO00o0O0boOOO0O0000D000kidnapped

gooo 20040 60 250
lgpooooooooooo
*200000000000000000000
“0oooo0oo0oooo
*1The university of Tokyo
*2Hitachi Software Engineering Co.,Ltd.
*3Chuo university

JRSJ Vol. 23 No. 4

robot problem[9] [14] 0000000000 00000000
0000000000000000000000000000
0000000D00000000 (1800000000000
000000000000000000000000MCLOO
0000000000000000000000000000
0000000000000000000000000000
000000000000000MO00000000000
0000000000000000000000000000
MCLOODOODOOOO0ODOOOO0D00000000
0000000000000000000000000000
00000000000 00000000000000MCL
00000000000000000000000000000
0000D000000000000000000000000
0000000000000000000000000000
0000000000000000000000000000
oooooo
000000000000000000000000000
0000000000000000000000000000
000000000 Lenser 0000000000000 [12]

O sensor resettings0 00 SROODOOOOOOOOOOOOO

goooooooboboobooooooooboooboobooboobboao
gooooooooooOoooOoOOOOO0OOOCCOObObOOO
O000000O000ooo0o00oo0o0oooo0O Thrun O
ooSRO0O0OO0OO0O0OO0O00OOOOOO0OO0OO00O0O0000

May, 2005



oo00000000000000000D000O0000D00000O000000D0

oooUoo0ooUoUo 4o0oo0o0oUoUouooo
00000ddodoooooooooggooggooooosSk
jdddddddddoooooo0o00oogoooooooo
SROOO000OO0OO0OO0U00O000o0ooooooooooo
jjoooooooOooooooooooooooooogg
goooooooOooooooocoooooooobooooo
ooo0o0oO0ooooooooooo MCLooooooooo
jjooooooo0ooooooooooooooooogg
ooooooosROOOOUOOUOUOOOOOOOO B9o
o0o000odoooooOooooooooDoooooooog
jdooooooOdooooooooooooooooogg
goooooocooOoOooooocoooooooobooooo
jdoooooo0dooooooooooooooooogg
goooooocooOoOooooocoooooooobooooo
goooooocoOooOooooocoooooooobooooo
Jodooooo0doooooooooooooogd
ooooooooo
eJ000O0O0UUDDDOUODOOOIUODDODOO
0 O O expansion resettings 0 O ER OO
gooooocoooocoOoOoOooooooooooboooogo
goo0ooooOobOobOoobUobDOobDOobOoUO0oERODO
goooooocoooooooooooo
e000000UIDODODODODOOOOODO SROOOOO
oboooboo EROOOOCOOD
gooooooooo
eSROIIDNDDODOOOIODO 20000000000
0000000000000 400000000 1617100
oooooooooojooooU0oooooooooooo
jddooooooo0oUoooooooooooooooogg
goooooooOoooooooOoooooooogod
goodo 20000000000 oO00ooooosoo
joo00o0o0oooooooooOooooooooooooo40d
goooooocoOooooooooooooooobooooo
gooopoooboooobosbOoOobOoobooboo

2. Monte Carlo localizationOOOOO0OO0OO0OO

oooooMCLOOOOOOO MCLOOOOOOOOO
JoopooooooMCLOODOODOOOOO

2.1 Markov localization

00000000000 Markov localizationd MLO O 0 O
OgoMCLOOODOODOOODODODOODOOOODOODOOMLO
ryd 00000000000 0000O0OO000000OO0OO
oooooooooooo 230

0000000000 Fig.1(a)0DO0D0O0O0OO0O0OO zy
ooooooo (x,y) DO0 PODOLOOODOOOODOOOODO
000000000 =96 OOOD0OO ¢ 0000000000
000000000 ¢ 0000 X000000000000

e00IOOT=0,1,2,...,t—1,t,t+1,...

o —¢t00000D00OD00O0ODOd:

o <T<t+1000000000000a
000o0o0o00oO00o Fig.l(b)ooooooooooooo

oooooooono 230 40

467

lin
(@ (b)

Fig.1 Definition of symbols (a): parameters for pose £; (b):
sensor information d, action a, and pose £*

OYcxOooooooooooooooo

Bi(Y) = / bi(0)dl = Pr{L} € Y|ds, ar_r, dor,
Y

atfz,dtfz,...,dl,ao,bo} 010

o0oo0oo0ooOoooooOooOooooooO O VeeXx O
o000 ¢=4;00000000O0DO0O0ODO0ODOODO
gboooooobooboobooboobobooboooboobooon
e00000 p(¢|f,a)DDODODOD0O0OD0 ¢ 000 aOO
gooooOoooooooOoo voboOOOOO
eJ00U0DUDD PEYDDUD ¢0DUODUDODOd
ooooooo
oob0 Jd000000000000000DODOO

020

P(di]0)be(6)

- 030
o P

oyde

056 000000000000020000300000000
0000000000000000000

2.2 Monte Carlo localization

MCLOOzy¢ 000000000000000000000
000000D000000000000000000 b, b
000000000000 EoEoooooon s G =
12 ,N) Dooooooooooooooon 69
(2! ,%”ew)mmm v Dooos? = (@20 0o
0000000000000000 NOOOOOOOOOO
000000000

0000000 @, 00000000000000000
000000000 i=1,2...,NO0D0D0000s4 =
1,2...,N)00000O
010sY,(j=1,2...,N) 00DOD »® 00DO0DO0ODOD

0™ ooo

020 pe|tt®),a,1) 0000 ¢00006M 0%, 0000
030000000 s =(,1/N)00o
000000000002000000000

00000 ¢, 0000000000000300000

N
a=Y" P(de;))w 040
=1
000000000¢i=1,2...,NODOODO
20050 50



468 0o 0 o 0o o 0o o0 o

w — P(d 6w o 050

gooboOooooobocOooOooOoOoboOobooOoOoosooobodg
ooo
2.3 0000
oooooooobooboooooooboooooooooboobooboo
oooooOooOooooOoooYooOooooooooo
0000000000 ¢ 0D00O000UOUO oDOoDOD
goooooooo

Bt(y):/ét(e)dmo Ceycx) 060
Y

oooooooooooooobooooooooobooboooo
gooooooooooooobobooooooooboboooo
0000000000000000 600000000000
ooooooooooooooboooooooooboboooo
gooooooooooooooboo

obo2000 Bt(Z)DDDDDDDDDDDDDDDDDDD
ooooooUooO0 ¢ 0ooU0oooooobooUooUoOon
ooooomooooooooobobooooooooooooo
ooooooooooooooboobooooooooobooboooo
goooooooooooooboooooooooboboooo
gooooooooooooooooooooooobooboooo
gooooood

MCLOOOOOOOOOUOOOOO ¢ 0oooooooo
000 ¢ 0D0o00U0oo0oUoDoOoUoooOOoUOUOOoOoO
goooobooooooooooooooooooboOoooon
ooo0oUooUooUoOoeooooUoUoUooooon
0000000 ¢ 0000000000 UOUDO0DODOO

MLOMCLOOODOOOOOOOOOOOODODOOOOOOO
oooooooooooooobobooooooobooobooboooo
goooooboooooooobocoooooooooboboooo
goooooooooooooOobOObebOOoUoOoOoOoOoOo
ooooooooooooooboobooooooobooobooboooo
goooooooOooooooooooooooobbo

3. 00 0O0D0O~GOC

MLOOOOOOODOOOOOOO000000000000
0000000000000000000000000000
000000000000000000000000000 [4)
0000000000000000000000000000
00000000000000000000000000000
0000000000000000000

000M1000000000000000000MM200
0000000000000000 b 0000000000
00000000000000000000MLOO b 000
000000000000000000MLOOOOOOOO
00oOo0O0D000O0o0

000000000000 MCLOOOOOOOOO0OO0OOO
0000000000 [9[12)000000000000000
0000000000000000000000000000
0000000000000000000000

JRSJ Vol. 23 No. 4

o 0 o0 0

0o 0 O 0O 0o O O

3.1 O0O0OO0OOOooo
O00ooooOooo sROQI20000400 «0DOOO
bbb« O00000

ﬁ:1—a/ozth Doy 00000 [HRrdn|
doooopg>0000000000000A0O

. 1 -

bonew (£) be(0)+ 2 peld) 080

“1+8" 144
0DO00000000O0p(d) 000000 d, 000000
00 ¢=¢ 00000000000000000000000
0000000000000000000000000000
00000000000 000000000000000000
00000000000 00000000000000000
0oo

3.2 000000000
SROODOO000DOO P(dE) 0000000000000
0000000000000000000000000000
000D [5[9 000000000 400000000000
ooooo

Qlong < Mlong® + (1 - Ulong)along o9d
Qshort < 7Jshort X + (1 - nshort)ashort o100
/8 = 1- O5s,hort/(0¢long0¢th), 011d

000000 7Nong;Mshort T 0 < Niong K Nehory < 1 000
00000ashort/aione 00 00 00000000000DOO
000 vy 0000000000 D0O0O0O0100000000
goboooboobooboobobooboboboobobg
000000000 hysteresis sensor resettingsd HSRO O O
000oo0o0o0o0oo0o0oo0ooOoooOoooOoooooo
lA)t gooboboboooooboboobooooobobooog
ooooo

3.3 Oonoooo

HSROOOOOOOOOOOOODOOOOOoOOooooogoo
O00oo0o0o0o0oo0o0oo0ooOoooOoooOoooooo
o0o0oo0ooo0oo0oo0oOooooOooooooOoooooo
000 M expansion resettingsDO 000 EROOO0O0OO0OO
O00D0O0OO0ERODOOOOTO0 poO0O0OoOp>00000

i)Onew = f[l;t]

00000000000000000 b000000000 b
goooooooooooooooooooobooooobooboo
000000 fO000O0O0OOO0OOOOOOOOOO
e, 00000000000000000000
ed00 b O0ODOOO fOo00o000 x0000000
ooooooo
oo0oooo0oooooo p<o00oooooooooo
ooooo
MCLOOOf0O00OO000OO0O0OO0OOOOODOOOOOO
O00000000000000Fig. 200000000000
oboobooooooooooooooOoOobooooOoooooo
obooooooobobooooooboooooboOoOoooooa

0120

May, 2005



oo00000000000000000D000O0000D00000O000000D0 469

P>0[:x -7 1B>0 ; I
—>z>('-”>'<'“f:;—> Toloxnt e

Fig.2 Expansion resettings (an example in a 2-d space)

0000000000000000000000000000
00000000000000000000000000000
OD0D0O0DO0OHSROOOOOODOOOO0OO &0 b O
0000000000000000000000000%, 00
0000000000 b 0000000000000000
00000000000 HSROODODOOODOOODOOO ER
0000 bmew 0000000000000 d, 000000
000000000000006, 000000000000 b
00000000000000000 ¢ 000000000
000000000000000000000000000
3.4 0040000000
00000000b(¢) D p(fd;) 000000000000
0000000000O0SROOD EROOODOOODOOOOO
0000000000000000000000000000
0SROOEROOODODOOODOOOOOOO
eb(/)000000000000000000000000
00 EROODDODOOODOO SRO
00000 SR+EROO0DODO0DOODOOOOOODOOOO
000000006()000000000000000000
000000000000000000000000SROOO
000 o, 00000000000000000000000
0000000000000000000000000000
O0O00O0SR+EROOO SROOO aym 0000000000
000 SR+EROD0DO0D0O00D0OOOODOODOO0OO0

4. 00000000

00000400000000[16][1710000000000
000 (1]000000000000000000000000
0000000000000000000000000000
0000000000000000000000000000
000000D00000000

400000000000Fig.3(a)00000000 400
000 ERS-210000000Fig.3(c) 0000000000
0000000000000000000000000000
300000000000000 MIPS 192[MHz] O 32 [MB]
0 DRAMDOOOO0O0O0OD0D000000000000 CMOS
000018000000000000000 40[ms] 000
176 x 144000256 000 YCrCbOOOODOOD0OD0O0O
0ooooo

00000000000000([1]000penGLOODOONO
0000000000000000000000000000
00000000000000000000000000000

oooooooono 230 40

CMOS camera
measured
width~_§

white.

N

100[mm]

100[mm]

(a) an actual image

(b) a simulated image

Fig.4 Simulation of the robot’s CMOS camera [1]

0000000000000 (10[13)00000000000
00000000000000000000000000000
000D0000000000000000000000000
O0Fig.400000000000000000000000
00000000000000000000000000000
0000000000000000000000

4.1 0O

41.1 000D00OODOODOOOOOOO
0000D000Fig300000 60000000004 =
1,2,...,6 0 d0000000D0O0ODODO0OOOOOO
Fig.3(b)000000000000000000000000
0000000000000000000000000000
000000 ¢ldeg 000000 hlpixel)d Fig.3(b) 000
000000000000000000000000 ¢000
000D000D00000000id:«000000000000
000 ¢*(¢),r(¢) 000000000000000

P(d]t) = P(h, ¢l) = P(¢ — i () P(h|r:(¢)) 0 130

oooo0dopOrRO0OO000OO0O0¢O00OO0O0O0ODOOODOOOO

oobooooooooooooobooooobooooooog
000000000000000o0o00000n0 0 ¢0or0O0
O00000oo0o000oo0o0oo0o0O Fig. 50000000
do7000000000000000000000 ¢—¢* (Y0
rO0h 00000 1[deg)d 100 [mm]O 3 [pixel] 00000 OO
gboobooobooooboobobooboboboobooboooo
ooobooooobooooooooooooooononooon
ooooooooooooooboooDbDOoOsob0O000000
ooboooooooooboooooooooguoooooon

pfld) 00D0DO0O0D00DOOD0

20050 50



470 0o 0 o 0o o 0o o0 o

S S e
® o N
1

probability

=N

probability
=3 =3
=3 =3

o
=3
X

0.02

0
-15 .10 -5 0 5 10 15
error [deg]

(a) P(¢— ¥ (1)

(b) P(hlr)

Fig.5 Dispersion of sensor information

4.1.2 DOODOOD

00000000000 0000000000000000
0000000000000000000000000000
0000000000000010000000000000
080[mm|0000000000000000 23[deg) 000
000000000000000 30[mm] 00040 [mm] 00
00000000000000002,y,d 000000 10%
0000000000000000000000—1[deg) 0O
1[deg) DDODOOOODOOOOOOODOODOOODOODOOO
00000000000 oO0onoon

000000000000000000000000000
0000000000000000000000000000
000000000000 0000000000000000
000000000000 000000000000 1 [step)
000000 2500000000000000MCLOOO
OO01[step) 0000D0200 10000 1000000300
1000000000000

4.1.3 0000000 o 00O0O0O0O0ODOOO
HSROHSR OO OO Miong 0 0 00000 Nghors 0 100
000 SROODOOOOOODOOOODOOOO[QUOOOOn
Mong = 0.1, Nshors = 0.9 0O 0 O
EROO0OOOOOOODOOO000000O0O0OOOOOO
00000000000000000000000000000
00000000000000000000000000000
00000000000000000000000000405
0000000000000000 zyd 0000000000
00000000000 D000000D0000000o0O0non
000000000000 0000000000000000
000000000000000000000000 EROO
000000000000000000000000 ay, 00
00000000000D00000000000000000
00000000000 ey DOODOOODOO

0000000000000000000000000000
00000 4 = (Z,9:,0,) 000000000 04,0y,06 O
000000000 >000000000xyd 000000
000000 z,y,d 000000000 4, 000000000
00000D00000oO 1I/NOOODOOOOO NOOOD
OO0, 0000000000000 604,604,600 00
00000000000000000000000000000
0000000000000000 300 [mm]060 [deg) 0000

JRSJ Vol. 23 No. 4

o 0 o0 0

0o 0 O 0O 0o O O

SR+EROo, > 300mm] 000 oy > 300 [mm] 000
o9 >60[deg] 000D SROOODOODOOO EROODOO
0go00O00bO000ODbOo0bOoO04.50000000D00DOO
oooooo
4.2 0O0O0O
gooOopo0O s0000000000D0DO0DOO00DO0OOO
ooooMLOOOOOOOOOOOOOOOOOOOOO
® position tracking problem0 PTPOOOOOOOOO
00000000 000000000000 DDOO0O0O
00100000 150[step] DO O OO
® global localization problemO GLPOOOOOOOO
0o000ox 000000oooOoooooooooooo
100000 30[step) 00000
gooooooboboboboooooooooooo
e kidnapped robot problem KRPOOOOOOOOO
00000006 OO0 ¢m000D0DO0O0O0O0OOOOD
O0000U000oo0oooUooooooo 30[step) 00O
O0¢m000000O000ODOOOOOOODOOO
gooooooobooo
e slipping robot problemOSRPOOOOOOOOOO
000000000000 nfstep) 00000O0ODOOO
00000000000On[step) 000000DOOOODO
O 1fstep) DOODO0ODOOO0ODOOOODOODOOOODOOO
goooooboboboboooooobobobooooooo
ooo0o0o0o0o0ooooooOoOoUUUoOoooooOoOoo
e fatal sensor error problemd FSEPOO O OOOOO
go0o000dbOo0o0oboObOo0obOoOobOoobDoo 10b00o
0000 nO000O00OO0OO0OOODOOODOOOODOOO
00000d0oooooooioooon0 nO0O o,h0O0
gooooobooboood
0000000000000 0o0U0b0zyOOOOOOOO
e = (& — ) + @~ ui)?
000000000 2=, w2 5= «"y® 0
0000000 e, 000000000 ODOODOOOOO
ec.e, DODODO
e 000 [0,A]0 e:095% 00000000 A0000
e, 0000000000000 ODOOOPTPOSRPOFSEP
00oo0oooooooo e 0GLPOKRPOOOOOOOO
z[step) 00 e, OOO0ODe,), &6 00000
4.3 0OOODODO
4.3.1 0000OD0OOODODOOOOOO
0000040000000000010200 10300000
000 NOMCLOOOOOOOODOOOOOOOERS-210
0000000000 N=10°000000000000
0000000000000000000N = 102,102, 10*
gooooooo MCLoooooO MCLOOOOO PTPOGLP
O000O00000OD TablelOOOOPTPOOOOOODO
0000 N=10°000000000000N=102000
0000000 GLPOOO N=100000000000
00000o0O0U00oOo0o0oooOoUooOoUoooooooo

0140

May, 2005



oo00000000000000000D000O0000D00000O000000D0 471

Table 1 Results of GLP with MCL (e,] (&)[mm])

PTP GLP (200 trials)
N | (1500 steps) | 5[step] after 15[step] after 30[step] after
107 | 80(39) 2483(080)  2326(392)  2619(319)
103 | 100(54) | 1011(404)  964(379) 1082(338)
104 | 102(45) 335(165) 260(138) 247(130)
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Table 2 Results of GLP (N = 103, 200 trials, e, (&-)[mm])

Method | 5[step] after 15[step] after 30[step] after
SR 890(308) 492(196) 310(150)
HSR 894(304) 386(181) 249(138)
ER 656(247) 275(116) 152(83)
SR+ER | 508(200)  235(110) 142(82)
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Table 3 Results of PTP, SRP and FSEP (N = 102, 1500 steps)

(a) & [mm]

problems methods— | MCL | SR HSR ER | SR+ER
! agp — | 0 1072 107* 1074 | 107
PTP 54 46 43 72 71
SRP n=3| 1220 312 301 235 245
n=>5| 461 218 248 179 200
n=10| 236 141 173 121 129
FSEP n=1| 47 167 66 96 102
n=2| 56 558 69 124 165
n=3| 54 726 202 219 320

(b) e} [mm]

problems methods— | MCL | SR HSR ER | SR+ER
1 oun—| 0 [10712 107* 1074| 10°¢
PTP 100 76 93 152 141
SRP n=3]2989 | 692 607 419 419
n=>5| 1276 | 428 523 313 360
n=10| 721 302 320 213 228
FSEP n=1| 116 752 153 187 195
n=2| 143 | 2427 181 272 344
n=3| 120 | 2745 873 625 906
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Table 4 Results of KRP with SR+ER on various thresholds

(N =103, 200 trials, iy, = 1040 e, (&) [mm])
&[m] thresholds 5[step] 15[step]  30[step]
after after after
150[mm], 30[deg] 401(192) 213(108) 150(82)
0.5 | 300[mm], 60[deg] 512(221) 247(115) 150(81)
600[mm)], 120[deg] 602(227) 223(107) 156(81)
150[mm], 30[deg] 806(242) 258(120) 171(88)
1 300[mm)], 60[deg]  942(322) 247(116) 164(83)
600[mm)], 120[deg] 874(345) 257(119) 158(83)
150[mm], 30[deg] 693(221) 227(107) 161(86)
2 300[mm], 60[deg] 1845(414) 241(120) 174(88)
600[mm)], 120[deg] 2032(719) 298(122) 158(87)
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